We report the acquisition and analysis of spectrally resolved photobleaching data from a model system designed to exhibit FRET. Spectrally resolved photobleaching can be used to determine the presence of FRET in these systems and to investigate multi-step mechanisms of energy transfer. The model system was a previously described set of fluorescent beads consisting of a system of 6 fluorophores. In standard photobleaching experiments to determine FRET, bleaching of an acceptor molecule resulting in recovery of donor intensity or changes in photobleaching kinetics are used as indicators of FRET. Here, we use the Bateman equations to model growth and decay in a photobleaching experiment. Linked donor-acceptor growth and decay is used as an indicator of FRET. The apparatus required is relatively simple when compared to lifetime imaging systems. Several data analysis strategies, rigorous model building, global fitting procedures, and error analysis are presented. Using these procedures a five-step sequential mechanism of energy transfer was selected for these beads.
Introduction
The phenomenon of FRET has been used for many years as a spectroscopic ruler for the study of molecular interactions in both in vivo and in vitro systems. [1] [2] [3] [4] [5] [6] [7] [8] The recent advances in developing new fluorescent probes, instrumentation and methodologies have greatly increased the utility and scope of FRET 9 and an overview of methods for FRET analysis recently appeared 10 . While much recent work on FRET has involved various lifetime imaging approaches and ratiometric techniques, one of the simplest methods involves the observation of photobleaching kinetics.
Photobleaching is a dynamic process in which a chromophore undergoes photoinduced chemical destruction upon exposure to excitation light. This process has been used to study complex mixtures of absorbing species. [11] [12] [13] In fluorophores, the bleaching process results in molecules losing their ability to fluoresce. [14] [15] [16] Photobleaching is often involved in fluorescence measurements of biological specimens and is detected as a reduction in fluorescence emission over the illumination period. 17 This phenomenon is often considered an undesirable side effect in fluorescence measurements because it decreases the signal and lowers the signal-to-background ratio 18 . Notwithstanding this, photobleaching has been utilized in a number of fluorescent measurement techniques. A few examples of techniques that take advantage of the photobleaching phenomenon include polarized photobleaching, fluorescence loss in photobleaching (FLIP), 19, 20 fluorescence recovery after photobleaching (FRAP) 19, 21 , and photobleaching fluorescence resonance energy transfer (pbFRET). The pbFRET method is a quantitative approach with the added value of not requiring sophisticated and expensive instrumentation. 22 In this technique, FRET is quantified by measuring the photobleaching kinetics of either the donor or acceptor in a FRET pair. In donor pbFRET, 23, 24 the energy transfer process reduces the number of excited-state donors available for photodestruction; thus slowing the decay rate of photobleaching. If photobleaching of the acceptor fluorophore occurs, the result is an increase in donor intensity since it is no longer quenched by the FRET process.
The competitive nature of FRET and photobleaching is often exploited to allow for the indirect measurement of FRET via its effects on donor photobleaching. 25 It has been previously demonstrated that the efficiency of energy transfer between the donor-acceptor pair can be evaluated from photobleaching data. 22, 23, 25, 26 Photobleaching techniques have also been used to reveal the dynamics underlying the steady-state distribution of a fluorophore, 20 and the dynamics of single light-harvesting complexes. 27 The analysis of photobleaching kinetics in fluorescence spectroscopy has been the focus of a number of past studies. Benson et al. 28 measured the photobleaching kinetics of various fluorophores in living and fixed cells and demonstrated that the photobleaching process followed first-order reaction kinetics with spatially heterogeneous and varied rate constants. Experimental studies have shown that photobleaching data does not always follow this single-exponential behavior. Szabo et al. 26 in their investigation of epitope mapping by FRET reported that the photobleaching kinetics of their test system, a FITC (fluorescein isothiocyanate) moiety attached to an immunoglobulin, followed a double-exponential process. Song et al. 14, 16 investigated the photobleaching of fluorescein through a systematic analysis of photobleaching mechanisms and observed that photobleaching of fluorescein in microscopy is generally not a single-exponential process. Young et al. 23 used least squares methods to fit experimental photobleaching data to a multi-exponential function of the form:
where F 0 is the initial fluorescence, F t is the fluorescence at time t, α i are the fractional amplitudes of the various decay rates, and k i are the various apparent photobleaching rates. Error estimates for the fitted parameters were approximated using linear estimates. The results of the data analysis clearly showed that three exponentials were required to give a satisfactory fit to their experimental data. Gadella and Jovin 29 illustrated the utility of pbFRET as a method for the quantitative evaluation of spatially resolved FRET and for generating contrast by allocating specific cellular structures to a particular decay component in a fluorescence image.
While multi-exponential fits to photobleaching data are known, previous studies have been restricted to a limited number of fluorophores, donor photobleaching of single donor-acceptor pairs, or intensity recovery after acceptor photobleaching. Here an analysis of photobleaching kinetics in a multi-fluorophore system is presented with a description of statistical model building procedures. The analysis involves the fitting of exponential models of growth and decay to selected wavelengths. The model system consists of a previously described set of fluorescent beads 30 containing multiple fluorophores. In this study, the appearance of growth in a photobleaching model which is equal to the rate of acceptor decay, is utilized as an indicator of FRET. The advantage of this approach is that it employs a series of simple kinetic models and uses statistical tests to justify the inclusion of additional parameters or to select or reject a particular model. The apparatus required to obtain the initial data sets is relatively simple when compared to lifetime imaging systems and allows "mechanisms" of energy transfer in multifluorophore systems to be tested.
Theory Section
Kinetic Models. Young et al. 23 have treated photobleaching of a donor in a donor-acceptor pair as a first order reaction from the excited state.
In this model, D is a donor molecule which can be excited to a state, D*, at a rate determined by the product of intensity, I, and the intensity dependent rate constant for excitation, k e . The first order de-excitation rate processes (fluorescence emission, non-radiative deactivation, and energy transfer, designated k f , k n , and k t , respectively) compete with photobleaching (k b ) for the excited state.
This is not a full treatment as it does not include growth of donor by bleaching of the acceptor, however, a complete scheme is somewhat complex (figure 1). While the reaction scheme depicted in figure 1 is complex, it is important as a basis from which to apply simplifying assumptions. First, under conditions of constant illumination intensity, the product of the intensity and any excitation rate constant can be treated as a constant. Second, the illumination intensity is considered to be sufficiently low allowing all processes involving D*A* to be Processes of the type in scheme 3 are described by the Bateman equations, which were derived by Bateman in 1910 as generalizations of the exponential laws governing the growth and decay of radioactive materials. 31 These equations are solutions to the first order differential equations: where A 1 , …, A n are constants related to the amount of the parent and daughter species present. In radioactive decay, it would be assumed that A 1 , …, A n are equal to the amount of species A 1 at † In the context of radioactive decay, the first order rate constants, k 1 , k 2 , …, k n are usually written λ 1 , λ 2 , …, λ n . time zero, a situation which does not apply in this context. The quantities, h 12 , h 22 , h 1n , etc, depend on the first order rate constants as shown in equations 10 and 11.
While these equations are of some complexity, it should be noted that only two additional parameters are needed for each additional species observed at a given wavelength. For brevity, the wavelength dependence of the constants A 1 , …, A n has not been included.
At the beginning of an experiment, the total intensity at any wavelength is given by the sum of the individual contributions from the different fluorophores emitting at that wavelength. The fluorescence intensity under normal circumstances is linearly related to the quantum yield, the incident beam intensity, and the effective absorption cross section. These factors can be treated as a wavelength dependent constant of proportionality. In this model, A 1 is assumed to be the most red-shifted fluorophore and the constants, k i , are the wavelength independent rate constants for each component in the model.
If energy is being efficiently transferred, then, as an acceptor component decays, the corresponding donor will recover. If the rate of donor recovery is linked to the rate of decay of the acceptor this will appear as a component having the form of equations 9 and 10. For example, in an experiment with a single acceptor (A 1 ) and a single donor (A 2 ) such that (A 2 → A 1 ) , the growth and decay terms can be written as: 
Here, A 21 , and A 2 have been used to indicated the distinction between energy transfer and the parallel exponential decay.
In more complex systems of fluorophores, it is possible that many donors could transfer energy to the same acceptor. For example, (A 3 → A 1 ) + (A 2 → A 1 ) might give a model with two growth and decay terms of the type given by equation 8. The mathematical model would then be: where ss 1 and ss 2 , are the sum of squared residuals for the reduced and complete models, respectively; k is the number of parameters for the complete model; g is the number of parameters for the reduced model; n is the number of data points; k-g corresponds to the number of degrees of freedom for the numerator, ν 1 ; and n-k corresponds to the number of degrees of ‡ The treatment given here is similar to one presented by Scheaffer and McClave 32 The main difference between the two treatments is that the degrees of freedom for the denominator is given here as n-k as opposed to n-(k+1). The latter assumes that there is a constant term in the model that is not included in the value of k. See also Hanley et al. 34 for a description of related use of the F-test for model building. H a = The inclusion of the additional parameters is justified.
H 0 is accepted when the computed F statistic is less than the critical value for an F-distribution with ν 1 and ν 2 degrees of freedom. However, if the additional parameters contribute significantly to the model, the F statistic would be larger than the critical F and H 0 is rejected.
If the two kinetic models that are being compared have an equivalent number of parameters then equation 18 cannot be used to calculate the F-statistic. In this instance, the F-statistic is the ratio of the squared residuals: where ss 1 > ss 2 , so that F calculated > 1 and ν 1 = ν 2 . In this instance, the following hypotheses are adopted:
H 0 = The two models have an "equal" variance. 
. 30 A few drops of the dilute solution were placed in the centre of a glass slide and allowed to dry. A cover slip was then affixed over the sample. The sample was focused upon using a 40× objective (ELWD, NA=0.45, ∞/0-2, WD=7.4; Nikon, New York, NY).
Data Analysis. The kinetic models were least-squares fitted to a given fluorescence decay using the Solver tool in Microsoft ® Office Excel. This analysis tool allows for minimization of the differences between the experimental intensity values and the calculated values using the applied kinetic model. Unless otherwise noted, the following constraints were placed on the fitted parameters: 1) All parameters were assumed to be non-negative; 2) Dyes were not allowed to emit more than 50 nm to the blue side of the emission maximum; 3) Dyes were not allowed to emit more than 100 nm to the red side of the emission maximum; 4) The emission associated ** This combination of filters was found to have low transmission above ~700 nm.
with a particular rate constant was required to be smoothly increasing or decreasing (e.g.: a spectrum that reached 0 was not allowed to have further fluorescence on either the blue or red side of the emission maximum). Minimized values for the sum of squared residuals were obtained for the fitting of each multi-exponential function being considered in this study. Models constrained only to non-negativity were initially fit to the time course of photobleaching at six wavelengths with subtraction of a background based on the intensity observed at the end of bleaching (Table 1) . Models consisting of exponential decay (models 2 and 3 in Table 1 ) were significantly better than a constant model. However, subtraction of the background will in general lower the significance of the constant terms and the exponential decay models gave poor fits. In particular, none of the exponential decay models exhibited the initial growth in fluorescence intensity seen in the data ( Figure 3 ). In contrast, the simplest model including growth and decay based on the Bateman equations gave a fit explaining > 98% of the total variance. Of interest in the significance test comparing models 3 and 4 in Table 1 using equation 17 is that the computed F evaluates to a negative number. This indicates that the reduced model explains more variance than the full model. Since these models are not linear systems, the common belief that an expression having more parameters will always fit a data set better than one with fewer parameters does not hold. Based on the results of these initial fittings, subsequent models consisting of solely decay terms were rejected and background was not subtracted.
Results and Discussion
Observation of the coefficients obtained from fits constrained only by non-negativity indicated the presence of intensity across the spectrum at the nominal beginning of the experiment. This was interpreted as photobleaching during the time required to setup the experiment and focus the specimen. Refinement of the time at which the experiment began was therefore included in later models.
Constrained fits to data from the T-8869 microspheres.
A series of 9 global models consisting of between 1 and 7 photobleachable components were fitted to the time-course of photobleaching from a set of nine wavelengths (713 nm, 690 nm, 674 nm, 650 nm, 641 nm, 610 nm, 588 nm, 562 nm, and 515 nm). The models consisted of solutions to the Bateman equations (equations [8] [9] [10] and mixed models consisting of multi-step linked decay (equations 8-10) operating in parallel with simple exponential decay (equation 8) in the presence of an offset. The data-to-parameter ratio was in all cases 6.3 or greater. In the event that a parameter was found to be zero during the minimization process it was dropped from the model's parameter count. As expected, there was an increase in the fraction of the total variance explained as the number of parameters in the models increased ( Figure 4 ). More importantly, the data justified the inclusion of parameters defining models up to Model 8 ( Table 2 ). Fits to the constrained functions resulted in a good fit to the data and a reasonable representation of the expected behavior of BODIPY dyes ( Figure 5 ), with the maxima lining up well with those observed in the emission spectra of the beads ( Figure   1 ). The rate constants associated with the bleaching of the 6 fluorophores in the beads all fell within a similar range (Table 3 ). The best model fitting the data explained > 99.99% of the total variance with a data-to-parameter ratio of > 6.3. This model included a time offset of 2.71±0.08
min. Each addition of parameter sets while proceeding from Models 0-8 ( Table 2 ) was justified and highly significant (p < 0.001).
The degree to which the series of models fit the data suggests that there is little reason to invoke more complex mechanisms. It also generally supports Roberts et al. 30 who found efficient energy transfer in these microspheres. Their results indicate ~95% energy transfer efficiency to the terminal acceptor when excited at 365 nm. If this is assumed to be the result of 5 successive energy transfer steps, then each step must be over 99% efficient. Model 8 suggests that the extent to which 100% energy transfer is not observed is likely due to the absence of terminal acceptors.
The rapid energy transfer to a terminal acceptor is further supported by the known stoichiometry of the dyes in the beads, 12:1.8:1.7:1.3:1.0:1.1, with the species in highest concentration being the primary donor. Under these conditions, excitation energy most likely undergoes rapid energy migration via homo-transfer followed by hetero-transfer to the successive terminal acceptors.
Conclusions
This study demonstrates that spectroscopic photobleaching can be successfully used to elucidate mechanisms of FRET in complex mixtures of fluorophores. The model multi-fluorophore system, which was designed to exhibit FRET, provided the framework for the development of this analysis technique giving a theoretical basis for interpreting experimental data obtained through the photobleaching of a multi-fluorophore system. The current study demonstrates that very complex mechanisms of FRET can be tested, a statistically rigorous mechanism selected, and appropriate errors assigned. The T-8869 fluorescent microspheres exhibited a sequential mechanism of energy transfer where each terminal acceptor is sequentially bleached. Having reached this conclusion, a few cautionary notes need to be included. i) All the caveats which apply to studies of chemical reaction mechanisms using kinetic data apply here. Specifically, one does not prove a mechanism. Rather, mechanisms which are not supported by the data are rejected. Because of the complexity of multi-fluorophore systems, the models tested here should not be considered exhaustive. Thus, the mechanistic conclusions should be considered as only the best fit to the models based on the available data. This model can only be considered definitive until a better model is identified.
ii) The strategy of model building and testing is similar to that used in other areas of science, perhaps most notably crystallography. In those fields, experience has shown that caution should be exercised when interpreting results. They should always be checked for reasonableness using any other available knowledge of the system and, when One limitation of the fluorescent microsphere system is that the most blue-shifted fluorophore appears to be the least robust with respect to photobleaching (Table 3) . Kinetically, the best approach to engineering a photobleachable system of dyes is to select fluorophores such that they are increasingly photo-robust as their emission moves to the blue portion of the spectrum. For example, when investigating a sequential system undergoing energy transfer (e.g. model 8), a good approach is to select progressively more robust fluorophores as the fluorophore index increases (e.g.: for model 8,
. This will assure that a good build-up of donors will occur as the acceptors bleach.
This analysis technique is not limited to ideal systems but could be applied to the analysis of unknown biological systems in a variety of ways. For example, a set of fluorescent probes consisting of multiple donors representing putative binding partners for a single acceptor could be applied to a preparation to determine if one or perhaps many undergo FRET to the acceptor.
Other examples consisting of such strategies as multiple donor-acceptor pairs or a single donor for multiple acceptors can be envisioned. However, in the case that the rate of energy transfer is not large, as was assumed here, modification of the models will be necessary to account for bleaching free donors and donors in the D*A state. Another modification that might be introduced is the inclusion of models in which a distribution of donor-acceptor distances is present. As the technique of spectrally resolved pbFRET develops, it should be possible to treat more complex systems such as protein-protein interactions within marine organisms in order to better understand the photo-protective mechanisms of hard or reef building corals or signal transduction pathways probed with multiple fluorophores. first order intensity dependent process denoted by Ik ed where I is the intensity and k ed is the rate constant for donor excitation. This process is independent of whether the donor is paired with an acceptor or free. Free donor molecules are excited to D* from which they may either deactivate at a rate governed by the rate constants for radiative (k rd ) and non-radiative (k nd ) deactivation or 
